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Abstract 
 The search from time immemorial for stronger, lighter and more durable materials used in construction and tools 
continues to this day. This urge to discover, invent and synthesize new materials has resulted in innumerable kinds of alloys, 
plastics and composites owing to the very exacting demands from different industries like aerospace, automobile, chemical, 
marine and so on. Glass fibers reinforced in polymers have received considerable attention during the last century. Studies 
conducted during the last decade reveal that adding small amounts of foreign particles (like clay or silica) of nanosize 
significantly improves the engineering properties of the polymers. 
 This study presents the effect of reinforcing epoxy polymer with Halloysite nanoclay on mechanical properties. In the 
present work the clay in terms 1, 2 and 3 percent by weight was surface treated with a suitable silane agent. The hybrid 
nanocomposite was prepared by the hand lay-up technique. Characterization of the nanoclay was done by X-ray diffraction and 
Scanning electron microscopy. ASTM standards have been employed for investigating hardness, dynamic mechanical properties, 
wear, damping and post underwater shock. All the tests were done for both silica and clay as reinforcement materials. Analysis 
and Results have been presented for impact of nanoclay reinforcement on all the parameters. 
 Radial basis function network, a tool of ANN, is employed to predict the above outcomes. Mathematical regression 
models have been employed for theoretical prediction. Comparative study reveals that ANN Tool predictions have better 
agreement with measured values than the other model. Thus, it can be confidently concluded that ANN Tool can be used to 
predict the properties of hybrid nanocomposites before actual manufacture. This will result in considerable savings in terms of 
project time, effort and cost.
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1. Introduction 
 Researchers all over the world are focusing on polymer hybrid nanocomposites because of the unique 
combination of improvement in corrosion resistance and in mechanical, tribological and thermal properties. 
 Halloysite nanotubes (HNTs) were a kind of naturally deposited aluminosilicate with a high aspect ratio as 
stated by Joussein E [1] and Raw Halloysite purification method was studied by Shchukin DG [2]. From the 
structural point of view, two types of polymer/phyllosilicate nanocomposites are possible, ‘‘Intercalated’’ and 
‘‘Exfoliated’’ stated by Giannelis EP [4]or a mix of these types as reported by Ray.S.S [3]. 
 Gang Zhou et al. [5] reported that high-performance thermo set polymer composites were synthesized by 
using long fibers and nanoclays. Mechanical and thermal properties of synthesized composites were compared with 
long-fiber-reinforced composites and polymer layered silicate composites. Mingxian Liu et al. [6] reported that 
naturally occurring nanotubes, halloysite nanotubes, were modified by silane and incorporated into epoxy resin to 
form nanocomposites. Varada Rajulu L et al [7] reported on the structure, properties and surface modification of 
clay minerals, followed by the processing and characterization techniques of polymer nanocomposites. The 
mechanical properties of nylon 6-clay nanocomposite synthesized by in-situ polymerization were first demonstrated 
by researchers at the Toyota Central Research Laboratories (Kojima Y) [8]. Such nanocomposites exhibited 
significant improvement in strength and modulus.  
 Chandradass J. et al. [9] studied that the damping efficiency increased with the addition of nanoclay 
material for limited weight percentage. Velmurugan R. et al [10] studied the conventional metals replaced by the 
composites in most of the high performance areas. Fillers like nano metal powders or inorganic clays with some 
treatment like chemical modification to its surface provided better performance than the natural structure. 
Mohan.T.P.et al  [11] reported a well dispersed exfoliated layered silicate clay nanocomposites based on epoxy 
resins and synthesized by using organo modified alkyl quarternary ammonium modified or unmodified Semitic clay. 
Thermal stability of series of each nanocomposite system with different organo clay [OC] and unmodified clay [UC] 
concentrations were determined by using thermo gravimetric analysis (TGA).  
 The performance of filled fiber reinforced polymer composites is generally determined on the basis of the 
interface attraction of filler, fiber, and polymer. In a recent investigation [12], the effects of SiC particles as fillers in 
glass–epoxy (G–E) composite systems on the mechanical and tribological properties have been discussed.  
Velmurugan at el studied the effect of nanoclay incorporation with various types of loading in the epoxy/glass fiber 
laminates [10]. Nanoparticles make a better inter phase property than the fibers in which the inter phase properties 
affects the damping character of a composite [13]. 
 In high performance applications like aerospace applications vibration is an important parameter to be 
considered. In addition to surface ships and submarines, marine applications of FRP primarily involve offshore 
platform components, docks and piers. In offshore applications, FRP materials have been used for tension leg 
platforms, tether lines, risers, cables, tubing and drill pipes [14, 15]. Other environmental factors to be considered in 
a marine environment are the combined effects of moisture, salt, temperature and ultraviolet (UV) radiation [16].  
 Kie et al. [17] studied the dynamic mechanical properties and inferred that the damping capacity of the 
nanocomposites increased due to the addition of the nanoclay particles. The clay addition increased the storage 
modulus (E'), and the damping loss factor (tanį = E"/E'). The increased E" caused such damping improvement in the 
nanocomposites.  
 Batra R.C. et al. [18] reported three-dimensional finite element code, with rate dependent damage evolution 
equations for anisotropic bodies, and used it to numerically ascertain the damage developed in a fiber-reinforced 
composite due to shock loads produced by an underwater explosion. Mouritz A.P. [19] used the four-point bend test 
to measure the residual flexural strength of a glass reinforced polymer (GRP) laminate after it had been impulsively 
loaded by an underwater shock wave produced by an explosion. Will et al. [20] pointed out that for high velocity 
impacts, the structure responded in a local mode, a little energy was used to deform fibers and the structure, and a 
significant amount of energy was dissipated in mechanisms such as delaminating, debonding and fiber pull-out. 
Mouritz A.P. et al [21] examined and reported the development of micro structural damage in a glass reinforced 
polymer (GRP) laminate subjected to explosive shock loading in water. Velmurugan R. et al [22] studied the effect 
of clay addition on improving the mechanical properties of epoxy polymer and glass fiber-reinforced epoxy-clay 
hybrid composites.  
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 Asifullah khan et al [23] studied and developed the artificial neural networks (ANN) and regression models 
to correlate the dynamical mechanical properties of polymer clay nanocomposites (PCN) with temperature and clay 
composition. Venkatesan et al [24] reported the study on the application of supervised feed forward Radial Basis 
Function (RBF) neural network with one hidden layer. It used relatively smaller number of locally tuned units 
adaptive in nature. RBFs were suitable for pattern recognition and classification. Performance of the RBF neural 
network was also compared with the most commonly used multilayer perceptron network model and the classical 
logistic regression. Diabetes database was used for empirical comparisons and the results showed that RBF network 
performed better than other models Reported by Lawrence and Peterson [25].  
 Very few works have been reported for modeling and prediction of wear properties of MMCs by using 
ANN technique. K.Velten [26], Jones [27], K.Genel [28] have used different ANN models in tribological 
applications. Their modeling results confirmed the feasibility of ANN and its good co-relation with the experimental 
results.  
 In this study, Radial Basis Function (RBF) neural network which is a widely used algorithm is employed in 
training. The training of the RBF network is radically different from the classical training of standard FFNNs. In this 
case, there is no changing of weights with the use of the gradient method aimed at function minimization. In RBF 
networks with the chosen type of function, training resolves into selecting the centers and dimensions of the 
functions and calculating the weights of the output neuron. The centre, distance scale and precise shape of the radial 
function are parameters of the model, all fixed if it is linear. Selection of the centers can be understood as defining 
the optimal number of basis functions and choosing the elements of the training set used in the solution. This was 
done according to the method of forward selection [29]. In the present investigation the experimental results 
hardness, damping ratio, wear rate, post shock tensile strength and glass transmission temperature are predicted by 
Regression and ANN models and reported in the paper. 
2. Characterisation of clay/silica 
 XRD characterisation technique is used to find out the phases present in the composite and also to find the 
structural properties of the phases identified. X-ray diffractometer is used for the residual strains of the silica phase 
presence in the composite and characterisation of the prepared samples (20x20 mm). Only a few intensity lines 
coincide with the diffraction peaks. Profiles/peaks that match with the Intensity lines for FWHM curve have been 
selected as shown in Figure-1(a).  
 
      
 
 
 
 
 
 
 
 
 
Figure-1(a): XRD pattern of nanoclay, (b) Planes representation of XRD pattern of silica nanocomposite. 
 The phase identified in nanoclay powder is the Halloysite-10A, Al2Si2O5 (OH) 4 and crystal structure is 
triclinic. From Figure-1(a), the intensity line 2ș=12.402 deg, coincides with the diffraction peak maximum. The 
FWHM value has to be considered for this particular Bragg’s angle. By using 2ș and FWHM values, the crystal size 
is measured as 52nm. The XRD pattern from Figure-1(b) shows some crystalline nature (as indicated by a few sharp 
peaks) and these peaks closely match with silica (SiO2) peaks. From the XRD pattern, it is observed two sharp peaks 
occur at 14.13º and 17.2º. The silica phase is identified and the structural properties are found from XRD pattern by 
Jade Evaluation Software. 
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3.0. Experimentation 
 The synthesis of glass fiber reinforced epoxy with particle reinforced hybrids consists of mixing epoxy 
resin with nanoparticle by sonication process and then placing the mixture in the vacuum oven to remove the air 
bubbles at room temperature. This procedure results in a well dispersed state of nanofillers in the epoxy resin. The 
50wt% of E-glass fiber woven rove mat, together with 50wt% of epoxy resin (pure, 1wt%, 2wt% and 3wt% of 
nanofillers) are used for preparation of hybrid composite by the hand-layup technique. The laminates are cured at 
room temperature and left in the mould for 24hrs for complete curing.  
 Experiments are  conducted using the Pin-on-disc type Friction and Wear monitor (DUCOM; TR-20-M26) 
with data acquisition system to evaluate the wear behaviour of the composite against hardened ground steel disc 
(En-32) having hardness 65 HRC and surface roughness (Ra) 0.5 ȝm and Hardness is measured by Barcoll Hardness 
tester. Dynamic mechanical analysis (DMA) is done with the EPLEXOR (GABO) - 1500N machine. 
 
3.1. CASE STUDY: Experimental Investigation of underwater shock test 
 Exploding concentrated underwater charges to damage underwater structures such as ship hulls is a part of 
naval warfare strategies. Careful design of structures to withstand the shock loads still remains a challenge to 
structural designers. Hence, there is a continuing need to understand the structural behaviour of hull panels due to 
non-contact underwater explosion. The structural analysis is quite complex involving large deformation, high strain 
rates, material non-linearity and fluid-structure interaction [32]. 
 A major threat to ship structures and marine vessels is their exposure to severe shock loads which could be 
due to the underwater explosion of a mine or a torpedo or the structure striking a partially submerged object in 
water, and/or the slamming pressure that occurs at high sea states when the forefront of the vessel rises above the 
water surface and then rapidly re-enters the water. These shock waves generally generate impulses of very high 
pressures of short durations, resulting in extremely high strain rates, which may result in severe structural damages 
[30,31].  
 The underwater shock tests were performed to simulate the conditions experienced by the GRP hull of a 
naval vessel when subjected to an underwater blast from an exploding mine, bomb or torpedo. The tests were 
performed in a water-filled pit as shown schematically in Figure-2. This small-scale shock testing facility consists of 
a steel cylinder confined within a concrete slab. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure-2: Schematic representation of the facilities for the underwater explosive shock testing of FRP laminates 
 The inside steel lining of the pit was covered with a thin plastic sheet containing small air bubbles, which 
was used to minimize the internal reflection of shock waves from the pit wall following the explosion. The pit has a 
diameter of 5m and a depth of 5m. Hybrid nanocomposites laminates were cut into square specimens of 850mm side 
for testing. The laminates were placed at the top of the fixture and were clamped on all sides at their ends which 
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allowed the FRP to bend under shock loading. The laminates were backed with water or air. The experimental setup 
is shown in Figure-3.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure-3: Assembly before dipping into the water pit  
4.0. Results and Discussion 
4.1. Hardness 
 
 
 
 
 
 
 
 
 
 
 
Figure-4(a): Predicted and experimental values for hardness of clay hybrid nanocomposites, (b) Predicted and experimental values for hardness of 
silica hybrid nanocomposites 
The Barcoll hardness increased from 41 to 45 by increasing the HNT nanoclay reinforcement. For 
nanosilica hardness increased from 41.1 to 42.8 for 1wt% and 2wt% and then decreased to 31.4 for 3wt% nanosilica. 
The Hardness results of regression model and neural network model are compared with the experimental results with 
different nanofiller reinforcements as shown in Figures-4(a&b). It is observed that maximum error is 3% for 
regression model and 0.036% for neural network model.   
4.2. Damping ratio  
The increased natural frequency is due to good dispersion of nanoclay in the matrix which results in 
improved stiffness. It may be noted that the addition of clay has considerable effect in the damping behaviour of the 
hybrid nanocomposites. 
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 The damping ratio for pure epoxy resin is 0.0139. For 3wt% nanoclay addition, the damping ratio is 
0.0167. The addition of 3wt% nanoclay improves the damping ratio by 20.14%. For higher velocities the damping 
increases due to low contact time and dissipated low vibration energy in the laminate. Hence it is clear that addition 
of nanofiller results in good damping is shown in Figure-5. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure-5: Damping ratio and % Improvement Vs nanoclay reinforcement. 
 It is observed from the impact response that, clay addition controls the amplitude of oscillations and hence 
decreases impact damage. The increased natural frequency is due to good dispersion of nanofiller (nanosilica and 
nanoclay) in the matrix which results in improved stiffness. It may be noted that the addition of clay/silica has 
considerable effect in the damping behaviour of the hybrid nanocomposites. 
 The damping ratio for 0wt% (pure) is 0.014. For 3wt% nanoclay addition the damping ratio is 0.017. The 
addition, of 3wt% nanoclay improves the damping ratio by 20.14%. For 3wt% nanosilica addition, the damping ratio 
is 0.0198. The addition of 3wt% nanosilica improves the damping ratio by 42.44%. For higher velocities the 
damping increases due to low contact time and low vibration energy dissipated in the laminate. Hence it is clear that, 
addition of nanofiller gives good damping.  
Damping ratio results from regression model and neural network model are compared with the 
experimental results for different nanofiller reinforcements. These are shown in Figures-6(a&b). While Neural 
Network model error was 0.098% and regression model indicated 2.47% error maximum. 
 
 
Figure-6: (a) Predicted and experimental values for damping ratio of clay hybrid nanocomposites, (b) Predicted and experimental values for 
damping ratio of silica hybrid nanocomposites 
4.3. Wear rate  
 Wear rate results of hybrid nanocomposites from regression model and neural network model are compared 
with the experimental results for different nanofiller reinforcements as shown in Figures-7(a&b). It is observed that 
maximum errors in hybrid nanocomposites are 0.192% and 0.193% for neural network model and regression model 
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respectively. The wear rate of epoxy decreased from 0.24 to 0.04 micrometers/sec at load 25N and a travel of 
1.81km as compared to 2% reinforced nanoclay hybrid nanocomposites and it increased to 0.16 micrometers/sec by 
reinforcing 3% nanoclay. The highest wear rate is seen with pure epoxy composite and lowest wear rate is at 2% 
nanoclay reinforcement. 
 
 
 
 
 
 
 
 
 
 
 
Figure-7: (a) Predicted and experimental values for wear rate of clay hybrid nanocomposites, (b) Predicted and experimental values for wear rate 
of silica hybrid nanocomposites 
 The wear rate of epoxy decreased from 0.24 to 0.04 micrometers/sec at load 25N and a travel of 1.81km as 
compared to 2% reinforced nanosilica hybrid nanocomposites and it increased to 0.08 micrometers/sec by 
reinforcing 3% nanosilica. The highest wear rate is seen with pure epoxy composite and lowest wear rate is at 2% 
nanosilica reinforcement. From this experiment it can be concluded that, wear rate varies inversely with hardness of 
the hybrid nanocomposites. 
4.4. Underwater shock 
 The shock factor is a measure of the severity of the attack, and relates the charge weight to the distance 
between the point of ignition and the target plate; the shock wave pressure varies with the charge weight, the 
standoff distance, and the relative attack orientation. A higher value of the shock factor implies that a larger portion 
of energy of the underwater explosion is imparted to the ship. For submarines, this factor is called the Hull Shock 
Factor (HSF) 
 Under water shock tests of 15gms of explosive charge is taken for the study. An explosive PEK-1 at 0.46 
m was taken as the stand-off distance (D) from the laminate. The rapid rise in pressure at the start of the profile 
represents the front of the shock wave striking the FRP. In this case the maximum pressure of the shock wave was 
measured to be 31 MPa. Calculated Shock factor is 0.122, where standoff distance (D) is 0.46meters and Charge 
weight (W) is 0.015kgf. The post shock hybrid laminates are shown in Figure-8(a-c). 
 
 
 
 
 
 
 
 
 
 
Figure-8: (a) Deformed laminate after underwater shock test, (b) 1wt% nanoclay reinforced hybrid nanocomposites after underwater shock test, 
(c) Pure FRP composite laminate after underwater shock test 
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 For the experiment results it is concludes that nanofiller reinforced hybrid nanocomposites gives better 
impact shock to underwater explosives. Pure FRP laminate shows less post shock tensile strengths when compared 
with nanoclay and nanosilica reinforced hybrid nanocomposites. It can be concluded from the experiment that nano 
reinforced clay and silica up to 2wt% will give better results in underwater explosive conditions. Post underwater 
shock Tensile strength for hybrid nanocomposites are shown in Figure-9. 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Figure-9: Post underwater shock Tensile strength for hybrid nanocomposites 
  Post underwater shock tensile strength increased by 3.9%, 10% and 4% over pure FRP for 1wt%, 
2wt% and 3wt% of nanoclay reinforcement respectively.  
4.5. Dynamic Mechanical Analysis 
 Figure-10 shows that the glass transmission temperature (Tg) of epoxy-fiber composites occurs at 99.30C. 
On addition of nanoclay, Tg increases to 109.30C for 1wt% nanoclay, Tg value for 2 and 3wt% nanoclay is 129.20C 
and 108.80C, respectively. The increase in Tg up to 2wt% nanoclay is due to increase in crosslink density between 
organo ions in nanoclay and epoxy matrix or epoxy-fiber interfacial strength. For higher clay content (3wt% 
nanoclay), Tg decreases but is still above the Tg of epoxy-fiber composites. Increasing clay platelets further restricts 
the cross-linking of epoxy matrix. Glass transition temperature value corresponding to wt% reinforcement is 
measured and the improvement in Tg with 2wt% reinforced hybrid nanocomposites is observed to be 30.1%. 
 
Figure-10: (a) Loss factor Vs Temperature for clay hybrid nanocomposites, (b) Storage modulus Vs Temperature for clay hybrid nanocomposites 
Figure-10(b) shows the DMA results of epoxy-fiber composites with nanoclay reinforcement. Epoxy fiber 
composites have the storage modulus of 61.9 GPa. Addition of 2wt% nanoclay has increased the storage modulus to 
82.7 GPa. For higher clay content (3wt% nanoclay) storage modulus has decreased to 80.3 GPa. The decrease in 
modulus at higher clay content is due to segregation of particles, unexfoliated clay, etc. Glass transition temperature 
post underwater shock tensile test results
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showed an improving trend of 9%, 30%, and 10% over pure FRP for 1wt%, 2wt% and 3wt% respectively of 
nanoclay reinforcements. 
Glass transition temperature (Tg) is analysed for clay and silica reinforced hybrid nanocomposites as shown 
in Figure-11. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure-11: Glass transition temperature vs. wt% nanoparticles 
For nanoclay, Tg increases by 30% from 99.30C (for pure) to 129.20C (for 2wt %). For nanosilica, Tg 
increases by 19% from 99.30C (for pure) to 119.10C (for 1wt %) and falls gradually to 89.40C (for 3wt %). 
Comparison of predicted properties with experimental results in all the tested cases indicate that the error is 
less than 5.02% in the prediction using regression model and 1% for neural network model, validating both the 
models. Higher error in regression model predictions are obtained since some of the factors that contribute to wear 
rate like condition of the applied load, track distance, travel, etc. were not taken into account. However, since neural 
network was trained with the experimental data and the influence of all the factors is inherently present in the data, 
the model is devoid of above limitations. No generalization of the data is done in neural networks, as in case of 
regression model for finding best-fit curve. Neural network maps the inputs to the outputs in multi-dimensions and 
takes care of non-linearity present in the case of study leading to more accurate predictions. 
5. Conclusion:  
 The present work is an attempt to synthesizing new materials, especially inorganic compounds at the 
nanosize which have better engineering properties and hence are applicable in industries like aeronautical, marine, 
automobile etc,. Characterization by XRD and SEM of the nanoparticles used, has established the sizes to be 36 nm 
for HNT halloysite nanoclay and 66 nm for nanosilica.  
The following findings are reported. Damping ratio at first mode also improved monotonically with 7%, 
19% and 20% over pure FRP at 1wt%, 2wt% and 3wt% respectively of nanoclay reinforcement. 
 Hardness exhibited improvements of 4%, 11% and 10% over pure FRP at 1wt%, 2wt% and 3wt% of 
nanoclay respectively. Post underwater shock tensile strength also increased by 4%, 10% and 4% over pure FRP for 
1wt%, 2wt% and 3wt% nanoclay respectively. As expected from the enhanced mechanical properties like strength, 
hardness etc., wear rate decreased by 14%, 82% and 33% over pure FRP at 1wt%, 2wt% and 3wt% nanoclay 
respectively 
 Glass transmission temperature increased by 10%, 30% and 10% over pure FRP for 1wt%, 2wt% and 
3wt% of nanoclay . Storage modulus also showed a similar trend with improvements of 17%, 34% and 20% over 
pure FRP for 1wt%, 2wt% and 3wt% nanoclay respectively.  
 Reinforcing with nanosilica instead of nanoclay also produced results with similar trends excepting that 
most of the properties peaked at 1wt% nanosilica instead of 2wt% as in the case of nanoclay 
 ANN and Regression models have predicted the results with maximum error of 1% and 5.02% 
respectively. Hence ANN is a highly suitable tool for predicting mechanical and tribological properties and can be 
used with reasonable confidence for predicting the behaviour of synthetic materials even before they are actually 
manufactured, thus saving considerable time, effort and money. 
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